One sentence summary: Using a rigorous sampling design, we determine the different assembly processes important for bacterial and ciliate communities in a salt lake at various scales of meta-community organisation. 
INTRODUCTION
The structure and biological diversity of ecological communities are best understood as scale-dependent phenomena (MacArthur and Wilson 1967; Hubbell 2001) . Microbial communities are unlikely to be an exception, being structured at multiple levels, with processes such as competition, predation, species sorting and dispersal important in determining local α-richness and β-diversity (regional turnover of taxa between local communities) (Soininen, McDonald and Hillebrand 2007) . These processes can be examined using a meta-community framework (Leibold et al. 2004 ) by considering their effects at local and regional levels. Patterns in meta-communities are caused by stochastic fluctuations and dispersal of taxa throughout local communities from a regional 'source population' with establishment limited by death, immigration, emigration and local abiotic and biotic factors (Hubbell 2001) . Microbial meta-communities appear to conform to similar biogeographical principles that govern other communities, being assembled by local processes, such as species sorting and biotic interactions, and by regional processes related to dispersal characteristics (Fenchel and Finlay 2003; Nemergut et al. 2011) , although the relative degree to which local and regional processes drive community assembly remains contested (Cottenie 2005; Martiny et al. 2006 Martiny et al. , 2011 Lindström and Langenheder 2012; Wang et al. 2013; Powell et al. 2015) .
When species sorting dominates the assembly of communities, taxa are selected within a local community primarily due to the abiotic and biotic conditions of the habitat. Predictions based on species sorting are affected when taxa are limited in their ability to disperse so that communities become less similar to one another than expected (Leibold et al. 2004; Martiny et al. 2006; Nemergut et al. 2013) . Conversely, when communities are subjected to high dispersal rates, taxa can be assumed to be maintained solely due to neutral processes, such as mass-effects, and local communities become decreasingly similar with distance (Mouquet and Loreau 2003) .
The importance of dispersal limitation in shaping local bacterial communities is surprising considering many believe they have cosmopolitan distributions and high dispersal rates (Lighthart 1997; Leff, McArthur and Shimkets 1998; Gage, Isard and Colunga 1999) . Dispersal limitation has been found to be important in determining bacterial β-diversity because it may facilitate ecological drift (Martiny et al. 2011) . Alternatively, at shorter separation distances (<20 m) mass effects, where community composition is dominated by immigration (Leibold et al. 2004) , may override species-sorting processes in bacterial communities (Lear et al. 2014) . It remains unclear if other microbial taxa, such as protists, are governed by similar mechanisms as those that affect bacterial assembly given that they also have the capacity for high dispersal Fenchel and Finlay 2004; Finlay and Fenchel 2004) .
Lakes, ponds and streams have been the focus of many microbial studies (Bell et al. 2005; Langenheder and Ragnarsson 2007; Rengefors, Logares and Laybourn-Parry 2012; Lepère et al. 2013; Langenheder et al. 2016) because they enable researchers to test meta-community concepts. They represent isolated habitats embedded within a landscape which are subjected to varying degrees of connectivity. Within consanguineous water bodies, biofilms found at the sediment-water interface provide a homologous and contiguous habitat for comparative sampling required for in-depth biogeographic analyses of microbes.
The few studies investigating assembly processes and spatial patterns of microbial biofilm communities have focused primarily on bacterial communities (Besemer et al. 2012; Besemer 2015; Langenheder et al. 2016) . Bacteria and protists have the potential for very high rates of passive dispersal, which is perhaps the most important factor enabling microbes to have cosmopolitan distributions (Lighthart 1997; Leff, McArthur and Shimkets 1998; Finlay and Clarke 1999; Gage, Isard and Colunga 1999; Fenchel and Finlay 2004; Finlay and Fenchel 2004) . Species sorting processes (Besemer 2015; Battin et al. 2016; Langenheder et al. 2016) and hydrological connectivity (Lear et al. 2013; Liu et al. 2013; Langenheder et al. 2016) are important in structuring bacterial biofilm communities and these are likely also to be important in structuring other members of the microbial consortium such as protists (Rengefors, Logares and Laybourn-Parry 2012) . Ciliates are among the top order consumers, and their grazing behaviour can alter the physical structure, functioning and diversity of the biofilm community (Battin et al. 2016) . Ciliates have mostly been ignored in the ecological literature (Dopheide et al. 2008) , which is a critical omission given their importance and abundance in aquatic ecosystems, as well as their diversity in terms of physiology, life-histories and dispersal mechanisms (Adl et al. 2005; Foissner, Chao and Katz 2008) .
Changes in the composition of communities can occur in two manners. Either taxa are replaced by other taxa (i.e. turnover) or taxa are eliminated or added and is thus an assemblage is a subset of (or is nested within) the meta-community (Baselga and Orme 2012) . The partitioning of diversity into turnover and nestedness components allows for a comparison of the relative importance of sorting and immigration processes in structuring the bacterial and ciliate communities (Baselga 2010; Azeria et al. 2011) . Complementarily to diversity partitioning analyses, variation partitioning can be used to associate variation in community composition with spatial and environmental determinants (Borcard, Legendre and Drapeau 1992) . Understanding how diversity is structured together with deterministic and spatial processes gives ecologists a set of powerful tools to investigate the processes regulating the diversity of communities.
In this study of eight natural saline ponds, diversity patterns of the assemblages are investigated to determine the processes influencing bacterial and ciliate biofilm turnover. Using a spatially explicit sampling design, spatial and species-sorting processes are compared to understand whether deterministic processes differ between bacteria and ciliates. This design also allowed for the partitioning of diversity into turnover and nestedness components and the identification of deterministic signals arising from spatial and sorting processes. Furthermore, these processes will be compared at two levels of community organisation; within ponds (β-diversity) and between ponds (δ-diversity), to understand how bacterial and ciliate biofilm communities are assembled depending on level of community organisation.
Here, our objective was to utilise a series of pond biofilm communities to understand differences in bacterial and ciliate diversity within and between ponds. Specifically, we test: (i) the relative roles of environmental determinants (sorting processes) and spatial determinants (size and distance) as driving forces for microbial community composition, using variation partitioning methods; (ii) the role of nestedness and turnover in determining compositional changes in microbial communities using diversity partitioning; and (iii) whether microbial communities are assembled randomly using null models for comparisons. We examine each of these separately for bacteria and ciliates and compare outcomes between them. This study was conducted in ponds which are homogeneous in terms of their hydrology, geomorphic structure and landscape position and confined to a small geographic area (all ponds are smaller than 12 km 2 and located within a 30 km radius). Our assumptions are that the biofilm communities in these ponds are unlikely to be subjected to strong sorting processes, nor influenced by the dispersal barriers found in other aquatic situations (like lotic systems). These attributes make the system ideal to conduct such a study as species sorting or immigration are unlikely to overwhelm the assembly processes, showing more clearly the influences of turnover (within ponds) and nestedness (between ponds). It is anticipated that general biogeographic patterns (distance decay patterns and taxa-area relationships) will be detected, community assembly will not be random and that diversity will be largely determined by turnover in taxa due to the high functional redundancy in these communities. If the environmental variability is greater between the ponds (than within them), we would expect sorting processes to be more important in determining community composition than the distance decay relationship that is caused by geographic location (spatial processes). It is therefore hypothesised that bacteria and ciliates will be subjected to similar assembly processes, but that the contribution of these processes will differ depending on the scale of community organisation, whether within or between ponds.
MATERIALS AND METHODS

Study area
The Northern Ponds of Lake MacLeod are saline water bodies, continually replenished by the discharge of marine water seeping through a karst barrier into a lake basin through vents, resulting in permanent ponds within an otherwise desolate arid environment . Eight ponds were chosen to investigate patterns and changes in diversity of biofilm bacteria and ciliates. The ponds are shallow (mostly <1 m) and range in size from 95 m 2 to 7 km 2 . Prevailing winds ensure that the ponds are well mixed, and while the salinity gradient is clear (it increases with distance from the discharge points or vents) it is not strong. Due to the high volumes of marine water being discharged into the ponds, marine-like conditions persist, including the accumulation of biogenic sediments and constant ionic concentrations. The physical and chemical characteristics of each pond used in this study are summarised in Table S1 and Fig. S1 (Supporting Information), as well as Kavazos et al. (2017) . Huggett et al. (2017) , provide physicochemical data including salinity and pH for the ponds used in this study. Recorded salinities range from 53.9 to 70.3 mS/cm and pH from 7.4 to 8.6. Despite the arid conditions, these ponds have similar ionic compositions to marine waters due to the high discharge rate of brine which continuously recharges the water volume of the pond . Sampling locations are shown in Fig. S2 (Supporting Information).
Sampling and environmental data
A total of 472 samples were collected in November 2012 along four transects randomly constructed within each pond, although only 384 and 279 samples were used for bacterial and ciliate community analysis, respectively, due to insufficient quantities of DNA being extracted from the sediments. Transects ranged in length from 3 m in Pete's Vent to 2000 m in Cygnet Pond (Table 1) . Separation distances between samples along each transect ranged from 0.1 m and extended to the length of each transect. Maximum separation distances exceeded the length of the transect but were dependent on the random orientations of each transect. The geolocated samples allowed for variation to be compared at two levels, the within pond level (β-diversity) and the between pond level (δ-diversity). Correspondingly, richness was determined at the sample level (α-richness) and the pond level (γ -richness). Samples were collected with 70 mL sterile jars either by SCUBA or snorkelling, depending on water depth. The top 5 mm layer of the sediment, which included the biofilm and the water immediately above it, was collected without disturbing the sediment and to avoid cross-contamination. Samples were transported on ice to a field laboratory on the day of collection, held at 4
• C for 24 h to allow particles to settle, then water was decanted and the remaining sediment frozen at −20
• C for subsequent DNA analysis of bacterial and ciliate diversity. The decanted liquid was stored at −20 • C and used for water chemistry measurements (see Kavazos 2016 and Kavazos et al. 2017 for information on sampling design). The water corresponding to each sample was used to account for inter-sample variation and to quantify the specific located mixture of water at the sedimentwater interface that the biofilm community experiences and influences.
Bacterial and ciliate community analysis
Community fingerprinting methods, such as ARISA and T-RFLP allowed higher numbers of samples to be incorporated to increase statistical power of analyses (Winter, Matthews and Suttle 2013) , which is crucial in this study when examining microbial diversity at multiple levels of community organisation. The trade-off is that these methods provide only coarse taxonomic resolutions, and therefore do not account for rare taxa which contribute greatly to microbial diversity (Reid and Buckley 2011; Dunthorn et al. 2014; Weisse 2014) . Previous research suggests that fingerprinting profiles of the bacterial communities in Lake MacLeod display similar diversity patterns to community datasets generated using Illumina Sequencing techniques . DNA was extracted from 250 mg of frozen sediment using the PowerLyzer PowerSoil R DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad) following the manufacturer's instructions. Automated ribosomal intergenic spacer analysis (ARISA) was used to describe the structure of 384 bacterial assemblages (Fisher and Triplett 1999; Ranjard et al. 2001; Ramette 2009; Lear et al. 2011 Lear et al. , 2014 , using the 16S-23S intergenic spacer (IGS) region of bacterial rRNA. This fragment has been shown to display strong heterogeneity between bacterial species (Fisher and Triplett 1999; Ranjard et al. 2001) . The bacterial primers used were LDBact (5 -CCG GGT TTC CCC ATT CGG-3 ) and SDBact (5 -TGC GGC TGG ATC CCC TCC TT-3 ; Ranjard et al. 2001) . The SDBact primer was labelled at the 5 end with 6-carboxyfluorescein (FAM) flourophore. PCR conditions were: 95
• C for 5 min; 35 cycles of 95
• C for 30s, 61.5
• C for 30 s and 72
• C for 90 s, then 72
• C for 10 min . Reactions contained 0.1 mg/mL bovine serum albumin (BSA). 1 μL PCR product, 10 μL of Hi Di formamide and 0.6 μL GeneScan 1200 LIZ R dye Size Standard were combined (Applied Biosystems Ltd, Melbourne, Australia), heat treated at 95
• C for 5 min, cooled and run on a 3730XL DNA Analyser (Applied Biosystems Ltd).
Terminal restriction fragment length polymorphism (T-RFLP) is an efficient and inexpensive means to evaluate ciliate diversity (Dopheide et al. 2009; Lear et al. 2011) and was used to determine the composition of 279 ciliate assemblages. The ciliate specific primers used in this study are known to detect higher levels of genetic diversity than methods relying on the identification of morphospecies, although the T-RFLP analysis is unlikely to detect all species because of conservation of the 18S rRNA gene sequence in closely related species (Dopheide et al. 2009 ). This is important as many ciliate morphospecies are known to have different ecophysiological characteristics (Weisse and Rammer 2006) and are therefore likely to inhabit different niches. An ∼700 bp fragment of the ciliate 18S rRNA gene was amplified using the primers 384F (5 -YTB GAT GGT AGT GTA TTG GA-3 ) and 1147R (5 -GAC GGT ATC TRA TCG TCT TT-3 ; Dopheide et al. 2008) . The 5 termini of 384F and 1147R were labelled with 6-carboxyhexachlorofluorescein (HEX) and 6-carboxyfluorescooein (FAM) fluorophores, respectively. PCR conditions were: 94
• C for 5 min; 35 cycles of 94
• C for 45 s, et al. 2009 ). PCR products were digested for 4 h at 37
• C with
HaeIII and RsaI then purified and combined with 10 μl of HiDi formamide and 0.6 μl GeneScan 1200 LIZ R dye size standard (Applied Biosystems Ltd., Melbourne, Australia), heat treated at 95
• C for 5 min, cooled and run on a 3730XL DNA Analyser (applied 124 Biosystems Ltd).
To compensate for uncertainty in size-calling between samples, fragments were assigned to bins with the width of the bin differing according to the length of the fragment (Brown et al. 2005) . Only peaks with a fluorescence value 150 U or greater, and between 130 and 1000 bp were considered for ARISA (Ramette 2009 ) and 10 and 650 bp for T-RFLP (Dopheide et al. 2009 ). Using the R-scripts provided by Ramette (2009) , fragments up to 600 bp were assigned to bins of 3 bp (± 1 bp), bins of 5 bp for fragments between 600 and 700 bp (± 2 bp) and 7 bp for any fragments greater than 700 bp (± 3 bp) for the ARISA data and 3 bp (± 1 bp) for the T-RFLP data. The total area under the curve for each sample was standardised to 100 and all peaks with a relative intensity less than 1% of the sample total were removed.
Diversity metrics
Species accumulation curves were used to ensure that each pond community was sampled adequately (Fig. S3 , Supporting Information). For T-RFLP, richness and diversity indices were calculated using only the HEX-labelled peaks, but both HEX and FAM-labelled peaks were used for multivariate analyses of communities (see Dopheide et al. (2009) ). Local-scale richness (α-richness) and pond-scale richness (γ -richness) were used to derive the number of OTUs occurring at the assemblage (site), pond and regional levels respectively. The overall pond OTU composition dissimilarity (β-diversity) was estimated using the Sørensen dissimilarity index (β sor ) adapted for multiple sites (Baselga 2010 ). Singletons at the site level were removed from analyses.
The framework proposed by Baselga and Orme (2012) for β-diversity partitioning was used to quantify the portion of dissimilarity originating from OTU replacement or turnover (Simpson's dissimilarity; β sim ) and from variations in OTU richness (nestedness; β nes ) where β sor = β sim + β nes . The nestedness component does not refer strictly to a loss or gain of OTUs, where the OTU composition of an assemblage is a nested subset of a larger community, but rather to a composition difference in OTU richness (Azeria et al. 2011 ). These components were estimated using the 'betapart' R package version 1.3 (Baselga et al. 2013) . Diversity within ponds (β-level) and between ponds (δ-level) were compared in terms of (Whittaker 1960 ).
Data analysis
To determine whether observed microbial community distributions could emerge from purely random processes, a nullmodel approach was used following Azeria et al. (2011) . Observed presence-absence data were used to simulate 1000 'null' communities using the 'vegan' R package version 2.4-1 (Oksanen et al. 2016 ) from which pairwise overall β-diversity values arising from random OTU distributions (β sor-null ) were estimated (Baselga and Orme 2012) . The observed OTU frequency and assemblage richness were maintained during the randomisation process. The results of the 1000 simulations were averaged to allow for comparisons between the simulated (null model) and observed pairwise β-diversity patterns. Observed patterns in β sor and its components (β si m and β nes ) were compared with (i) expectations obtained from the null model (β sor-null ) and (ii) the residuals (β sor-diff ) from the relationship between observed and randomly generated β-diversity values (β sor−di f f = β sor − β sor−null ) to test the existence of non-random processes driving the assembly of the microbial communities. The analysis was repeated at the between pond level to measure δ sor and its components (δ sim and δ nes ).
Bray-Curtis dissimilarities were used to analyse δ-diversity (differences between pond communities) using analysis of similarities (ANOSIM; Clarke 1993) which generates an R-value that ranges from 0 (no difference in community compositions) to 1 (communities are completely different). Mantel correlograms were used for pairwise comparisons of bacterial assemblage similarity by geographic distance using Hellinger transformed community matrices. Distance classes, based on separation distances, and permutational Mantel tests were used to compare changes in community resemblance with separation distance in the Mantel correlograms. A positive Mantel coefficient indicates a stronger than expected similarity among samples, while the reverse is true for negative coefficients. To test for the independent effects of spatial and environmental determinants, the proportion of variation in community composition was quantified using Moran's eigenvector maps (MEM), the water chemistry data and distancebased redundancy analysis (db-RDA; Borcard, Legendre and Drapeau 1992; Borcard et al. 2004 Borcard et al. , 2011 Dray, Legendre and Peres-Neto 2006) . To calculate MEM variables from sample locations, the 'PCNM' R package version 2.1-2 (Legendre et al. 2012 ) was used. Partial db-RDA was used to partition the effects of the water chemistry data and MEM variables within each of the ponds (β-diversity) and between ponds (δ-diversity). All OTU relative abundances were square-root transformed to reduce the effects of abundant taxa and BrayCurtis dissimilarities were used. The db-RDA model constraints were tested for significance using a permutation test (Legendre and Legendre 1998 ) with 999 permutations. Partial db-RDA analyses were conducted within each pond with forward selected water chemistry variables and pond specific MEM variables. Linear models were used to test for a relationship between γ -richness and pond surface area. All tests were conducted using 'vegan' R package version 2.4-1 (Oksanen et al. 2016) .
RESULTS
Richness and diversity patterns
A total of 170 bacterial and 30 ciliate OTUs (not including singletons) were identified. Cygnet Pond was found to have the highest bacterial and ciliate γ -richness values (γ Cygnet bac = 122 OTUs and γ Cygnet cil = 22 OTUs) while the bacterial γ -richness was lowest in Whistler's Pond (γ Whistler = 56 OTUs) and the ciliate γ -richness lowest in Annie's Pond (γ Annie = 6 OTUs; Table 2 ). The mean bacterial α-richness was highest in Jana's Vent (ᾱ Jana = 42 OTUs) and lowest in Whistler's Pond (ᾱ Whistler = 11 OTUs). The mean ciliate α-richness was highest in Pete's Vent and Jana's Vent (4 OTUs) and lowest at Harjie's Pond (ᾱ Harjie = 1 OTU). Although γ -richness differed significantly in the bacterial (F 7,376 = 46.76, P <0.001) and ciliate (F 7,321 = 11.59, P <0.0001) communities, linear modelling suggests γ -richness does not significantly increase with pond size (F 1,6 = 0.98, P = 0.36 and F 1,6 = 0.63, P = 0.46 for bacteria and ciliates, respectively).
In general, β W -diversity was greater than δ W -diversity, and δ W -diversity was higher in the ciliate communities (δ W cil = 2.8) than the bacterial communities (δ W bac = 2.0). Nonetheless, the ponds had different bacterial (R ANOSIM = 0.888, P <0.001) and, to a lesser extent, ciliate (R ANOSIM = 0.446, P <0.001) communities (Fig. 1) . The bacterial communities in Pete's Vent, Jana's Vent and Cygnet Pond were different to those of the other ponds and Jana's Vent and Cygnet Pond were the most similar (pairwise ANOSIMs). Ciliate communities did not differ significantly between Annie's Pond and Donut Pond, nor between Pete's Pond, Whistler's Pond and Harjie's Pond. The ciliate communities in Jana's Vent and Cygnet Pond were also similar. The greatest differentiation in ciliate community occurred between Pete's Pond and Jana's Vent.
Using the multiple-site framework proposed by Baselga and Orme (2012) , the dissimilarity in bacterial OTU composition among assemblages was found to be high (β sor ≈ 0.8). We then examined whether this dissimilarity in bacterial OTU composition originated from differences in richness between assemblages (β nes ) or was due to OTU replacement (i.e. turnover; β sim ). In all ponds, the bacterial nestedness component was low, suggesting a strong role for turnover. For the ciliate communities, OTU composition among assemblages was slightly lower (β sor ≈ 0.6) but the nestedness component was higher than for the bacterial communities (Table 2) . Dissimilarity between ponds was similar for both bacterial and ciliate communities, albeit lower for ciliate communities (δ sor = 0.64 and 0.65 for bacteria and ciliates, respectively). Like β-diversity, δ-diversity was explained by high levels of turnover for both communities (δ sim = 0.52 and 0.48 for bacteria and ciliates, respectively) and nestedness (δ nes = 0.12 and 0.17 for bacteria and ciliates, respectively).
Stochastic assembly rules
Correlation analysis (Table 3) indicated that β-diversity patterns generated through random assembly processes did not match the observed patterns, particularly for the turnover components (β sim ). Overall the β-diversities of both bacterial and ciliate communities (β sor ) were weakly correlated with the predictions of the null model (β sor-null ) except for bacteria in the case of Jana's Vent where the correlation was moderate. However, the correlations between β sor and the residuals were much stronger (β sor-diff ; Fig. S4, Supporting Information) . Similarly, the turnover components (β sim ) showed weak, non-significant correlations with null model predictions (β sor-null ) but were again strongly linearly related to the residuals (β sor-diff ). Except for the bacterial communities in Donut Pond and Jana's Vent, which were significantly correlated with β sor-null and β sor-diff , respectively, and the ciliate community in Harjie's Pond, which was negatively correlated with the null model, the nestedness component of β-diversity (β nes ) was generally weakly correlated with both the expectations (β sor-null ) and the residuals (β sor-diff ) of the null model. Therefore, β-diversity patterns in the bacterial and ciliate communities have a strong signal of deterministic processes. Similarly, patterns of δ-diversity did not match randomly generated patterns (Table 4 and Fig. S5 , Supporting Information) with the bacterial and ciliate communities being weakly correlated with the null models (δ sor-null ). Turnover (δ sim ) was weakly correlated to the null models (δ sor-null ) for both communities, but was very low in the ciliate community, suggesting a stronger deterministic signal.
Distance-decay relationships
Multivariate Mantel correlograms showed that for all eight ponds, similarity in bacterial communities tended to decrease with distance, whilst no such trend existed for the ciliate communities (Fig. 2) . The distance where the similarity between assemblages becomes non-significant or negative, represents a threshold where assemblages separated by greater distances are likely to differ in composition. In Pete's Vent, assemblages were no longer positively correlated after 2.6 m (approximately 50% of pond diameter), while in Cygnet Pond there was no significant correlation at distances greater than 200 m (<10% of pond width), except for a single positive value at 500 m.
Environmental determinants and spatial organisation of β and δ-diversity
Environmental heterogeneity did not increase with pond size and Table S1 and Fig. S1 , Supporting Information). Separation distance was the most significant determinant of β-diversity (Table 5) , and there was little or no association with the environmental models. There was no relationship between pond size and the amount of explained variation of the MEM models for bacterial (F 1,6 = 2.57, P = 0.16) or ciliate (F 1,6 = 1.32, P = 0.29) β-diversity. Furthermore, there was a significant correlation between bacterial and ciliate β-diversity (F = 23,252 , P < 0.001, R 2 = 9.0%), suggesting that changes in ciliate assemblages are weakly linked to changes in bacterial assemblages.
On the other hand, water chemistry variables explained a significant proportion of the δ-diversity of bacteria (24.8%) and ciliate (15.3%) communities while sampling location accounted for insignificant proportions using db-RDA (Table 6 ). Partial db-RDA results showed that higher proportions of δ-diversity could be Figure 1 . nMDS ordination plots displaying the similarity of assemblages for bacteria (left) and ciliates (right). Assemblages are grouped by the pond which they were collected. Stress value for bacteria = 0.17; Stress value for ciliates = 0.15. Table 3 . Correlation coefficients between overall β-diversity (β sor ) and its turnover (β sim ) and nestedness (β nes ) with predicted β-diversity under (β sor-null ) and beyond (β sor-diff ) the null model (residual variation). explained by the water chemistry variables once sample location within the ponds was accounted for (29.3% and 17.9% for bacteria and ciliates, respectively). The spatial signature also increased, particularly in the bacterial communities where spatial variation accounted for 8.8% of δ-diversity.
DISCUSSION
The spatially explicit sampling design used in this study enabled the comparison of bacterial and ciliate biofilm communities at the β (within pond) and δ (between pond) levels. Previous studies have used similar spatial designs to measure distancedecay relationships in bacterial communities (Horner-Devine, Carney and Bohannan 2004; Martiny et al. 2011 ) but, critically, not for ciliates nor saline biofilm communities. This study confirms that benthic biofilm communities are not structured randomly, and that important neutral and sorting processes regulate biofilm diversity. We provide evidence that the β-and δ-diversities are represented by turnover in bacteria and ciliate taxa, as opposed to the diversity patterns simply being generated by differences in richness among samples (nestedness). Importantly, we demonstrate a shift in the importance of neutral and sorting processes based on the level of bacterial and, to a lesser degree, ciliate community organisation, where neutrality is important in determining β-diversity (within ponds) and sorting processes important for determining δ-diversity (between ponds). This study improves our understanding of microbial ecology by using a replicated design that captures diversity patterns and assembly processes at different levels of a meta-community for two important microbial groups. Martiny et al. (2011) provide an example of different assembly processes operating in ammoniaoxidising salt marsh bacteria from local levels to continental levels, and this study complements those results by suggesting that different mechanisms operate in the assembly of bacterial and, to a lesser degree, ciliate benthic biofilm communities at different levels of community organisation.
Within pond variation
This study suggests that neutral processes are important for structuring the bacterial communities within the ponds (β-diversity). The null model analysis and diversity partitioning show that a strong deterministic signal drives OTU turnover (β-diversity), whilst variation partitioning reveals that this turnover is associated with the spatial factors (neutral processes) in the bacteria communities. Spatial patterns in ciliate communities were weaker, with neutral processes being an important determinant in only two of the eight ponds. These results are supported by distance decay relationships, which were significant for the bacterial communities but play no role in the ciliate communities. Despite the ponds being well mixed, the homogeneous environmental conditions within the ponds facilitate neutrality at this scale and support the conclusion that neutral processes are important when the role of environmental determinants are low (Wang et al. 2013) . Many studies report distance-decay relationships in bacteria (see Bell (2010) , Astorga et al. (2012) and Lee et al. (2013) ) and, to a lesser extent, protists (Rengefors, Logares and Laybourn-Parry 2012; Lepère et al. 2013) . Significant turnover in planktonic bacterial communities has been detected at separation distances of 100 m (Yannarell and Triplett 2004) , 20 m (Lear et al. 2014; Meier and Soininen 2014) and less than 1 m (Dann et al. 2015) .
The lack of distance-decay patterns for the ciliates may be due to the low diversity of the pond meta-community (γ -richness), especially at small distances as there are less taxa available to occupy available niches (see Barreto et al. 2014) . Alternatively, the differences in patterns of β-diversity could be attributed to either ciliates having greater niche-breadths than bacteria, which allows fewer taxa to occupy the available niches, or to the greater functional redundancy of bacterial communities driving stochastic turnover that is not associated with environmental gradients (see Lima et al. (2016) ). Nevertheless, it is likely that fundamental differences between the ecology of bacteria and ciliates are responsible for the divergence in the biogeographical responses here rather than differences in size, life histories or dispersal mechanisms. Other explanations for the lack of influence from the environment include: (i) an unaccounted, spatially structured environmental variable that drives the β-diversity patterns reported, such as sediment grain size, pH or oxygen; or (ii) the dispersal of bacterial taxa is low enough to allow ecological drift to result in the divergence of assemblages (Sloan et al. 2006; Lindström and Langenheder 2012) .
Furthermore, the maintenance of bacterial taxa in proximity to the vent regions (where water discharges into the ponds) due to mass-effects may be important in explaining the different spatial patterns found between the bacterial and ciliate communities. Mass-effects are known to be important in the assembly of microbial communities (Adams, Crump and Kling 2014; Ruiz-González, Niño-García and del Giorgio 2015; Lansac-Tôha et al. 2016) . Pond communities are typically composed of bacterial immigrants which are introduced from the atmosphere (Comte et al. 2014) , surrounding terrestrial soils (Ruiz-González, Niño-García and del Giorgio 2015), and for Lake MacLeod, probably from a karstic connection with oceanic waters and underlying sediments. Taxa which immigrate into the pond water column are then able to colonise the biofilm habitat (Besemer 2015; Battin et al. 2016) . Elsewhere, the movement of seawater through underground karsts is thought to be important in delivering bacterial taxa into subterranean lakes (Sánchez et al. 2002; Farnleitner et al. 2005; Menning et al. 2014) , thus making it possible that bacterial taxa immigrate to the ponds via the marine seepage connection. Arguably, movement of seawater through karst is a barrier to the dispersal of ciliate cells, as subterranean karstic lakes usually contain ciliate taxa not typical of marine environments (Carey et al. 2001) .
Between pond variation
The Northern Ponds of Lake MacLeod are composed of distinct bacterial and ciliate communities, which agrees with the results of Huggett et al. (2017) . We detected a relatively strong sorting signal which may be important for the divergence of pond communities, where our environmental model explains up to 30% of δ-diversity in bacterial and ciliate communities. The slightly different environmental conditions of each pond therefore contribute to the distinctiveness of each pond community and supports the hypothesis that microbial communities are structured by different mechanisms at β-and δ-levels (Langenheder and Ragnarsson 2007) . Positive relationships between ecosystem size and bacterial diversity have been detected in water-filled tree holes (Bell et al. 2005) and high-mountain lakes (Reche et al. 2005 ) of different sizes. Despite these studies showing larger aquatic systems have greater bacterial richness, the sampling designs were restricted to a single sample per pond, and thus do not adequately address richness patterns within habitat variation (Fenchel et al. 2005; Lindström et al. 2007) . Subsequent studies have found that larger lakes do not contain greater bacterial richness (Humbert et al. 2009) , even with the use of high throughput molecular methods . Similarly, area of an ecosystem is believed to have little effect at determining marine and freshwater benthic ciliate richness (Finlay, Esteban and Fenchel 1998) . The current study, which achieves a higher resolution of replicated spatial analysis, provides further evidence that larger ecosystems may not hold greater bacterial and ciliate taxonomic richness in benthic biofilm communities.
CONCLUSION
This study increases our understanding of the respective roles of spatial and environmental differences on the diversity of biofilm communities among saline ponds. We confirm the results of previous studies that suggest that bacterial communities are not assembled randomly but instead are subjected to strong deterministic processes that generate spatial changes in diversity not associated with environmental heterogeneity. In addition, this is the first study that specifically compares the biogeography of bacteria with that of ciliates using a robust study design. We show that the assembly processes for ciliate communities are similar to those of bacterial communities, although ciliates have larger body sizes, different life histories and dispersal capabilities.
The ponds of Lake MacLeod are well mixed, and therefore the relatively homogenous environmental conditions facilitate neutral (or non-sorting) processes to assemble the bacterial biofilm communities. These deterministic processes generate detectable spatial patterns over distances as fine as 10 m. Such patterns were not detected in the ciliate community. Further research is needed to investigate whether the different biogeographic patterns arise due to either the high functional redundancy in bacterial communities or the greater niche-breadth of ciliates taxa.
On the other hand, the slight environmental differences of the ponds are important in determining the composition of the bacterial communities and, to a lesser degree, the ciliate communities of each pond. We suggest that the biogeographic processes important in determining the structure of microbial biofilm communities depend upon the level of meta-community being investigated, particularly when the degree of environmental heterogeneity differs among meta-community levels. The contribution we make is that the assumption that all microbial groups will be assembled the same way at all meta-community levels, cannot be upheld. These results call for similar investigations on assembly processes for other microbial groups.
